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ABSTRACT
The pest status of the fall armyworm, Spodoptera frugiperda (J. E. Smith), including 
development and survival on conventional and transgenic Bacillus thuringiensis (Bt) 
cotton and host-strain influences, was examined in laboratory and field studies. Neonates 
(1st instars) were fed leaves from conventional (cv. DP 5415 and cv. DP 5690) and 
transgenic Bt (cv. NuCOTN 33B and cv. NuCOTN 35B) cotton . There were no 
significant differences (P > 0.05) between cultivars in larval mortality and survival to the 
pupal and adult stages. However, times to pupation and adult eclosion were significantly 
longer (P < 0.05) for larvae fed transgenic Bt cotton compared to conventional cotton. In 
addition, larvae weighed significantly less (P < 0.05) when fed transgenic Bt cotton 
compared to conventional cotton.
A study was conducted to determine when cotton bolls become tolerant to fall 
armyworm injury. Fifth instars were caged individually on bolls of various ages from 
conventional (cv. DP 5415) and transgenic Bt (cv. NuCOTN 33B) cotton to define the 
period of boll susceptibility to larval injury. For DP 5415 bolls, there was no significant 
linear relationship (P > 0.05) describing larval mortality or successful boll penetration as 
a function of boll age. Larvae were able to successfully penetrate (> 60%) DP 5415 bolls 
throughout boll development. For NuCOTN 33B bolls, there was a significant linear 
relationship (P < 0.05) describing larval mortality (increased as bolls developed) or 
successful boll penetration (decreased as bolls developed) as a function of boll age.
Larvae were able to successfully penetrate (> 40%) NuCOTN 33B bolls at 350 heat-units.
Studies were conducted to determine if there were differences in susceptibility 
between the two host-associated fall armyworm strains to conventional (cv. DP 5415 and 
cv. DP 5690) or transgenic Bt (cv. NuCOTN 33B and cv. NuCOTN 35B) cotton or to 
selected insecticides. Fall armyworms collected from various forage grasses were
vii
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consistently more susceptible to conventional cotton, transgenic Bt cotton, and selected 
insecticides than larvae collected from field com.
The utility of the sodium channel para locus to distinguish fall armyworm host- 
associated strains also was addressed. Genetic differentiation in the para locus was not 
correlated with host-associated strains. However, results suggest that this molecular 
marker is useful for distinguishing closely related Spodoptera spp.
viii
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CHAPTER 1
INTRODUCTION 
Pest Status
The fall armyworm, Spodopterafrugiperda (J. E. Smith), is a destructive pest of 
many crops throughout the Western hemisphere. This migratory moth overwinters in 
southern Florida and in a zone extending from South and Central America through 
southern Texas, from which it then migrates northward each spring and summer (Sparks 
1979). Unlike most insects in the temperate regions, the fall armyworm has no diapause 
mechanism (Sparks 1979). It easily exploits agroecosystems, such as peanut, com, and 
cotton in the southeastern United States. Infestations of the fall armyworm throughout 
the Southeast and along the Atlantic coast have accounted for annual crop losses 
exceeding $500 million (Y oung 1979).
Cotton. The fall armyworm is a sporadic yet damaging pest on cotton, Gossypium 
hirsutum (L.). In the southeastern and mid-south states, the fall armyworm has been 
reported as an economic pest of cotton in Georgia, Alabama, Florida, and Louisiana 
(Smith 1985). In 1977, this pest caused significant damage to cotton throughout the 
southeastern United States (Bass 1978), and in 1984, caused economic damage in the 
Winter Garden area of Texas. In 1985, it was the single most damaging pest of cotton 
reported in Mississippi (King et al. 1986). In southern Alabama and Georgia in 1996, 
local outbreaks of the fall armyworm were reported on both conventional and transgenic 
cotton plants expressing a Bacillus thuringiensis Berliner (Bt) CryLA(c) 8-endotoxin 
(Hood 1997, Smith 1997). Knowledge of the conditions that lead to outbreaks of fall 
armyworms appears to be quite limited. In South Carolina, where fall armyworm is an 
occasional pest of cotton, high moisture/high nitrogen conditions that result in excessive 
plant growth appear to increase the probability of high densities occurring in cotton fields 
(Smith et al. 1993).
1
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2Estimations and descriptions concerning the amount and type of damage caused by 
larval feeding also appears to be limited. Luttrell et al. (1989) reported that the number of 
damaged squares and bolls was significantly influenced by the number of egg masses and 
the number of 3rd instars present on the plant Furthermore, studies with individual 
larvae (3—5th instars) caged on various stages of cotton fruiting structures indicated that 
feeding of 4th and 5th instars on small bolls resulted in significant reductions in 
probability of harvest; however, no detailed study into the period of boll susceptibility to 
fall armyworm damage was conducted (see Luttrell et al. 1989).
The distribution of early instars of the fall armyworm on the cotton plant and the 
method of insecticide application on cotton makes it a difficult pest to control. The 
majority of first and second instars feed on cotton leaves located near the main stem, i.e. 
leaves from the most common oviposition sites, nodes 1 and 2 of the branches in the 
lower two-thirds of the plant (Ali et al. 1989, 1990). This is in sharp contrast with 
Heliothis spp. in which early instars are found on terminal buds on the cotton plant 
(Ramalho et al. 1984). When scouting for early instars, plant leaves need to be searched 
near the main stem and low in the plant canopy (Luttrell et al. 1989, Ali et al. 1990).
Third instar fall armyworms move further away from the main stem and higher on the 
main stem than earlier instars. Later instars are located in the middle to terminal plant 
regions including branch rips and feed almost exclusively on fruiting structures (Ali et al. 
1990). Larvae remain within average distances of 1 to 2.4 plants from the infested plant 
(Ali et al. 1990). Commercial application of insecticides generally results in low 
deposition on structures low in the canopy (Ali et al. 1990). The use of a rolling pressbar 
in insecticide application using ground equipment increased control over the conventional 
application method, although not significantly, by spraying low in the plant canopy 
(Smith et al. 1993). In addition, the fall armyworm becomes more tolerant to insecticides 
as the larva increase in size (Yu 1983, Mink and Luttrell 1989). Thus, failure to control
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3early instars located low in the canopy requires an increase in concentrations of foliar 
applied insecticides to efficiently control later stages of development
Because the Cry IA (c) d-endotoxin in transgenic Bt cotton is expressed in tissues 
throughout the cotton plant, fail armyworm larvae located low in the plant canopy may be 
controlled with this technology. Although details are limited, Jenkins et al. (1992) 
reported that neonates of the fall armyworm, when fed detached transgenic Bt cotton plant 
tissue, had significantly lower survival and weight compared with those neonates fed on 
tissue from a parental conventional cotton variety. However, no detailed studies into the 
survival and development of fall armyworms on transgenic Bt cotton have been done.
Host-Associated S trains. The fall armyworm is composed of two host- 
associated strains: a corn-associated strain that feeds primarily on com, and a rice- 
associated strain that feeds primarily on rice and forage grasses. It was once believed that 
populations of fall armyworms increase in croplands (i.e. com and sorghum) early in the 
summer and later attack grasslands, after com and sorghum are harvested (Morrill 1978). 
More recent studies indicate that the two host-associated strains are sibling-species, each 
utilizing either com or rice/grasses as primary hosts (Pashley 1986). Reproductive 
isolation mechanisms and reproductive incompatibility between host-associated strains 
have been reported (Pashley and Martin 1987, Pashley et al. 1992). Allozymes and 
mitochondrial DNA markers exist that distinguish strains (Adamczyk 1993; Pashley 
1986, 1989; Ke and Pashley 1992). However, because the allozyme used to distinguish 
strains is sex-linked (Heckel et al. 1995) and mtDNA is maternally inherited (i.e. a sex- 
linked trait), the hybrid status of the two strains (i.e. interbreeding status and gene flow) 
cannot be precisely determined with these markers alone (Sperling 1993,1994).
The identity of host-associated strains of the fall armyworm on cotton is not clear. 
Pashley (1986) showed that a collection from cotton (Ecuador) was most closely related 
to the corn-associated strain based on allozyme allelic frequencies. However, this may be 
due to its geographical remoteness and further studies are warranted before definitive
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4conclusions are drawn concerning cotton-feeding fall armyworm populations (Pashley 
1986). Studies suggest that alternative hosts for the fall armyworm, such as peanut, has 
both host-associated strains occurring during the late summer months (Adamczyk et al. 
1996). Because the fall armyworm is a sporadic pest of cotton, this host also may be 
treated as an alternative host, and may contain both strains. Consequently, further studies 
to determine which host-associated strain of the fall armyworm occurs on cotton must be 
conducted, because previous studies suggest that the two strains differ in insecticide 
susceptibility (Pashley et al. 1987).
Rationale
Control of the fall armyworm on cotton is complicated by the lack of information 
pertaining to fundamental questions. Vital information such as survival and development 
on conventional and transgenic Bt cottons, boll susceptibility to larval injury, and intrinsic 
susceptibility differences to insecticides that is related to host-associated strains, needs to 
be addressed. Until molecular markers are identified that clearly distinguish the two 
strains, researchers will continue to question whether both host-associated strains are 
present in cotton, and if both strains can be controlled using the same available IPM 
methods and tools. Thus, studies presented in this dissertation address these fundamental 
and applied questions, which will hopefully aid in controlling this emerging cotton pest
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CHAPTER 2
LARVAL SURVIVAL AND DEVELOPMENT OF THE FALL 
ARMYWORM (LEPIDOPTERA: NOCTUIDAE) ON NORMAL AND 
TRANSGENIC COTTON EXPRESSING THE B A C IL L U S  
T H U R IN G IE N S IS  CrylA (c) 6-ENDOTOXIN *
Introduction
The fall armyworm, Spodoptera frugiperda (J. E. Smith), is a destructive pest of 
many crops throughout the Western hemisphere. This moth overwinters in southern 
Florida and in a zone extending from South America through southern Texas, from which 
it then migrates northward each spring and summer (Sparks 1979). It exploits peanut, 
Arachis hypogaea L.; soybean, Glycine max (L.) Merrill; com, Zea mays L.; and cotton, 
Gossypium hirsutum L. agroecosystems in the southeastern United States.
The fall armyworm is considered a sporadic but serious pest on cotton. Considering 
the southeastern and midsouthera states, the fall armyworm is an economic pest each 
season in Georgia, Alabama, Florida, and Louisiana (Smith 1985). In 1977, this pest 
caused significant damage to cotton throughout the southeastern United States (Bass 
1978), and in 1984, caused economic damage in the Winter Garden area of Texas (King 
et al. 1986). In 1985, it was the single most damaging pest of cotton reported in 
Mississippi (King et al. 1986). In southern Alabama and Georgia in 1996, local 
outbreaks of the fall armyworm were reported on both normal and transgenic cotton 
plants expressing a Bacillus thuringiensis Berliner (Bt) CryLA(c) 6-endotoxin (Hood 
1997, Smith 1997).
The distribution of early instar fall armyworms within the plant canopy and general 
method of insecticide application on cotton make the fall armyworm a difficult pest to 
control. The majority of 1st and 2nd instars feed on cotton leaves located near the main
* This chapter is accepted and scheduled to appear in the Jnnrnal of Economic 
E ntom ology, volume 91(2), J. J. Adamczyk, Jr., J. W. Holloway, G. E. Church, B. R. 
Leonard, and J. B. Graves, and copyrighted by the Entomological Society of America.
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stem in the lower two-thirds of the plant (Ali et al. 1990a). This behavior is in sharp 
contrast with that of Heliothis species in which early instars are found on terminal buds 
on the cotton plant (Ramalho et al. 1984). Failure to control the early instars located low 
in the canopy necessitates using higher concentrations of insecticides in attempts to 
control later stages of development because fall armyworms become more tolerant to 
insecticides as they increase in size (Yu 1983, Mink and Luttrell 1989). Late instar fall 
armyworms (4—6 instars) are located low in the canopy on middle to tip portions of the 
plant and feed almost exclusively on fruiting structures (Ali et al. 1990a). Studies with 
individual 4th and 5th instars caged on various stages of cotton fruiting structures indicate 
that feeding on small bolls results in significant reductions in their probability of harvest 
(Ali et al. 1990a).
Agronomically important Lepidoptera, such as the tobacco budworm, Heliothis 
virescens (F.), pink bollworm, Pectinophora gossypiella (Saunders), bollworm, 
Helicoverpa %ea (Boddie), and fall armyworm differ widely in their susceptibility to the d- 
endotoxin found in foliar applied B. thuringiensis products (Macintosh et al. 1990, 
Nyouki et al. 1996) as well as in transgenic Bt cotton (Jenkins et al. 1992, Wilson et al. 
1992, Halcomb et al. 19%). Applications of carbamates, pyrethroids, and 
organophosphates, usually ineffective against fall armyworms on cotton (Smith 1985), 
resulted in higher mortality than foliar B. thuringiensis in late instar fall armyworms, but 
foliar B. thuringiensis was equally effective on 1st instars (Smith 1985). Another study 
suggests that fall armyworm larvae are not very susceptible to certain formulations and 
strains of B. thuringiensis including B. thuringiensis variety kurstaki (Nyouki et al.
19%).
Because the d-endotoxin in transgenic Bt cotton is expressed in tissues throughout the 
cotton plant, fall armyworm larvae located low in the plant canopy may be controlled. 
Although details are limited, Jenkins et al. (1992) reported that neonates of the fall 
armyworm, when fed detached transgenic Bt cotton plant tissue, had significantly lower
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cotton variety. The objectives of this study were to examine survival and development of 
fall armyworm fed various plant parts of normal and transgenic Bt cotton, and to examine 
the effects of the d-endotoxin from transgenic Bt cotton on the subsequent generation of 
fall armyworms.
M aterials and Methods 
Insects. Fall armyworm larvae were collected by D. A. Wolfenbarger near 
Brownsville, TX from field com in early May 1996 and reared on a soybean/wheat germ 
meridic diet (King and Hartley 1985), according to methods described in Perkins (1979). 
Upon pupation, ~ 60 pupae were placed into 3 separate cardboard cylinders (3.79 liters) 
lined with waxed paper and covered with cheesecloth. Moths were fed a 10% sugar 
water solution. Eggs were harvested from sheets of cheesecloth. Fall armyworms were 
reared for 1 generation (F[ generation) in the laboratory and the neonates from the F2 
generation were used for all experiments except where otherwise stated.
Research Location. Cotton varieties used in all experiments were field grown at 
the Macon Ridge Location of the Northeast Research Station (Louisiana State University 
Agricultural Center, Louisiana Agricultural Experiment Station) near Winnsboro, LA. A 
transgenic Bt cotton variety expressing the CrylA(c) gene (NuCOTN 33B) and its normal 
parental line not expressing the CrylA(c) gene (DP 5415) were planted on 7 May 1996. 
NuCOTN 35B [which also expresses the CryLA(c) gene] and its normal parental line, DP 
5690 [which does not express the CrylA(c) gene] were planted on 10 June 1996. All 
experiments were conducted in the laboratory during June--August 1996 using cotton 
plants described above.
Survival and Development of Fall Armyworms Fed C otton Foliage. To 
compare survival and development on normal (variety DP 5415) and transgenic Bt cotton 
(variety NuCOTN 33B), leaves from both varieties were selected within the lower one- 
third of plants of the same age because fall armyworm larvae usually are distributed low
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in the plant canopy (Ali et al. 1990a). Neonate larvae (F2  generation) were placed on an 
individual leaf inside a 9.2-cm-diameter plastic petri dish with a 9.0-cm-diameter filter 
paper disc (moistened daily to prevent leaf desiccation) and covered to prevent escapes (5 
larvae per dish and 40 dishes per variety). After 96 h, individual larvae were placed into 
5.7-cm-diameter plastic petri dishes with a 5.5-cm-diameter filter paper disc and reared as 
described above. Leaves were changed every 48 h until pupation. Adults were allowed 
to emerge within the dishes and were sexed using adult sexual dimorphic wing characters 
described in Oliver and Chapin (1981). The dishes were held in an environmental 
chamber at 27 ± 1°C and a photoperiod of 14:10 (L:D) h throughout larval development. 
The experiment was replicated 24 h later using another cohort of fall armyworm neonates.
Adult survivors from both varieties were mated to determine the subsequent effects of 
NuCOTN 33B selection on oviposition and neonate survival. Approximately 1,000 eggs 
from each colony were harvested from different masses located throughout the containers 
and placed into 9.2-cm-diameter petri dishes along with a 9.0-cm-diameter filter paper 
disc. Several dishes (4—5) were used for each colony to facilitate counting the number of 
neonate larvae. The dishes were placed into an environmental chamber at 27 ± 1°C and a 
photoperiod of 14:10 (L:D) h until the neonates emerged.
Larval survival at 2-12 d after exposure, larval weights at 6 and 12 d after exposure, 
time to pupation, time to adult eclosion, larval survival to pupation, larval survival to 
adult eclosion, pupal survival to adult eclosion, sex ratio, and neonate survival of the 
subsequent generation were compared between varieties. Larval survival curves at 2—12 
d after exposure were constructed for both varieties using regression (SAS Institute 1985) 
and analyzed using the LIFETEST procedure (SAS Institute 1985) with Wilcoxon and 
log rank statistics (Lee 1980). Survival frequencies and sex ratio were generated using 
the FREQ procedure (SAS Institute 1985) and were analyzed by variety using Cochran- 
Mantel—Haenszel statistics (Landis et al. 1978). Larval weights, time to pupation, and
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time to adult eclosion were analyzed using the NPAR1WAY procedure (SAS Institute 
1985) with nonparametric ranks of the data (Wilcoxon rank sum test) (Conover 1980).
Survival and Development of Fall Armyworms Fed Cotton Foliage and 
Bolls. This experiment simulated feeding of early and late instar fall armyworms on 
normal versus transgenic Bt cotton. Insects were reared for 1 complete generation on 
normal cotton (DP 5415). Neonates from the next generation were fed either DP 5415 or 
NuCOTN 33B leaves as described above. Twenty-five 4th instars (50—100 mg) were 
weighed and placed into individual 100-ml plastic cups. Each cup contained a 5.5-cm- 
diameter filter paper disc (moistened daily) along with a boll from either DP 5415 or 
NuCOTN 33B cotton. To ensure that bolls were at the same developmental stage, white 
flowers on cotton plants were tagged and each individual was recorded in heat units 
(Bagwell 1994, Adamczyk et al. 1997). After exposing larvae to cotton bolls of = 276 
heat units for 5 d, fresh bolls (= 265 heat units) were offered to larvae that did not 
penetrate the initial bolls. Penetration was defined as the ability to penetrate through the 
boll wall to the seed/fiber (White 1995). Cups were capped loosely, watered daily (1.0- 
ml), and held in an environmental chamber at 27 ± 1°C and a photoperiod of 14:10 (L:D) 
h throughout insect development.
To ensure that weights of larvae from foliage were not significantly different, means 
were analyzed using the NPAR1WAY procedure (SAS Institute 1985) with Wilcoxon 
rank sum test (Conover 1980). Boll penetration, larval survival to pupation, and larval 
survival to adult eclosion were recorded. Survival frequencies were generated using the 
FREQ procedure (SAS Institute 1985) and were analyzed by variety using the Fisher 
exact test (2-tail) (Pearson and Hartley 1954, Steel and Torrie 1980).
Effects of Selection for a Single Generation with Transgenic Bt Cotton 
Foliage on Survival and Development of Fall Armyworms. Survivors from a 
colony of fall armyworms reared on DP 5415 (NBT colony) and from NuCOTN 33B (BT 
colony) were fed on leaves from transgenic Bt cotton plants (NuCOTN 35B) and on those
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from plants of a normal cotton parental variety (DP 5690). DP 5690 and NuCOTN 35B 
were used with the F2 generation because these varieties allowed the use of cotton plants 
of approximately the same size and age as in the initial foliage experiment Neonates 
from both colonies were fed artificial diet for 24 h before being exposed to cotton foliage. 
First instars were placed into 9.2-cm-diameter petri dishes (15 dishes per colony per 
variety) with 9.0-cm-diameter filter paper discs containing individual leaves collected 
from the lower one-third of plants and reared as described above. At 6 d after exposure, 
a subsample of 25 larvae was selected randomly from each colony and variety 
combination, individually placed into 5.7-cm-diameter petri dishes with a 5.5-cm- 
diameter filter paper disc, and reared to adult emergence as in the above experiments.
Larval survival at 2—6 d after exposure and larval survival to adult eclosion were 
generated using the FREQ procedure (SAS Institute 1985) and were analyzed by variety 
for both colonies using the Fisher exact test (2-tail) (Pearson and Hartley 1954, Steel and 
Torrie 1980). Larval weights at 6 and 12 d after exposure were analyzed by variety for 
both colonies using the NPAR1 WAY procedure (SAS Institute 1985) with Wilcoxon 
rank sum test (Conover 1980).
Results
Survival and Development of Fall Armyworms Fed Cotton Foliage.
Larval survival curves for fall armyworms reared on DP 5415 and NuCOTN 33B did not 
differ significantly (P > 0.05) between varieties (Figure 2.1). In addition, survival of 
larvae reared on DP 5415 did not differ significantly (P > 0.05) from survival of larvae 
reared on NuCOTN 33B at 2 d after exposure (X2 = 0.337, df = 1, P -  0.561), 4  d (X2 = 
0.375, df = 1, P = 0.540), 6 d (X2 = 0.263, df = 1, P = 0.608), 8 d (X2 = 0.777, df = 1, 
P = 0.378), 10 d (X2 = 0.189, df = 1, P -  0.664) and 12 d after exposure (X2 = 0.001, 
df = 1, P = 0.996). Regardless of neonate cohort, mean weights for larvae reared on DP 
5415 were significantly greater (P < 0.05) than those larvae reared on NuCOTN 33B
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Figure 2.1. Survival curves for larvae reared on DF 5415 and NuCOTN 3311 foliage from 2 to 12 
d after exposure. Curves were constructed using the LIFKTEST procedure (SAS Institute 1985 
with Wilcoxon and log-rank statisitics ( cx=0.05) (l.ee 1980). No significant differences ( P > 0.05) 
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(Table 2.1). Initial analysis of larval weights indicated a significant difference (P < 0.05) 
(F =  1921.9; df = 1,479; P = 0.015) in mean weight of larvae between the 2 neonate 
cohorts used for the same varieties. Therefore, mean larval weights (6 and 12 d after 
exposure) are shown for each neonate cohort
The majority of larvae that were reared on DP 5415 pupated and eclosed sooner than 
for those larvae reared on NuCOTN 33B (Figures 2.2 and 2.3). Time intervals to 
pupation and adult eclosion for larvae reared on DP 5415 were significantly shorter (P < 
0.05) than for larvae reared on NuCOTN 33B (pupation, S = 56795.5, Z  = 16.0, P = 
0.0001; adult eclosion, S = 36410.0, Z = 14.5, P = 0.0001).
No significant differences (P>  0.05) in larval survival to pupation, larval and pupal 
survival to adult eclosion, or sex ratio were observed for larvae reared on DP 5415 or 
NuCOTN 33B (Table 2.2). However, survival of Fj neonates from parents reared on DP 
5415 (53.4%) was significantly greater (P < 0.05) than those Fj neonates from parents 
reared on NuCOTN 33B (39.6%) (X2 = 29.34, df = 1, P = 0.001).
Survival and Development of Fall Armyworms Fed Cotton Foliage and 
Bolls. After larvae initially fed on foliage, survival of larvae at 5 and 7 d after exposure 
on DP 5415 bolls was not significantly different (P > 0.05) from larvae that fed on 
NuCOTN 33B bolls (Table 2.3). However, at 9—30 d after feeding on bolls, survival of 
larvae on DP 5415 bolls was significantly greater (P < 0.05) than survival of larvae on 
NuCOTN 33B bolls. In addition, larvae penetrated significantly more DP 5415 (P <
0.05) than NuCOTN 33B bolls. Rates of pupation and adult eclosion of larvae fed DP 
5415 bolls were also significantly greater (P < 0.05) than for larvae fed NuCOTN 33B 
bolls.
Effects of Selection for a Single Generation with Transgenic Bt Cotton 
Foliage on Survival and Development of Fall Armyworms. No significant 
differences (P > 0.05) were observed in larval survival at 2,4, and 6 d after exposure, or
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Table 2.1. Larval weights (mg/larva) at 6 and 12 d after 
exposure (DAE) for fall armyworm larvae fed DP 5415 and 
NuCOTN 33b foliage.
Variety n Wt, mg
6 DAE
Cohort la
DP 5415 129 10.92
NuCOTN 33b 116 3.94
P < 0.001
Cohort
DP 5415 142 19.24
NuCOTN 33B 147 6.54
P < 0.001
12 DAE
Cohort 1
DP 5415 109 221.51
NuCOTN 33B 102 59.36
P < 0.001
Cohort 2
DP 5415 133 244.87
NuCOTN 33B 139 75.14
P < 0.001
Mean larval weights were analyzed using the 
NPAR1WAY procedure (SAS Institute 1985) with 
Wilcoxon sum rank test ( a= 0.05). n. Number of insects tested. 
aLarvae that emerged from eggs harvested on June 22, 1996.
^Larvae that emerged from eggs harvested on June 23. 1996.
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Table 2.2. Percent survival and sex ratio of fall armyworm larvae fed DP 5415 and NuCOTN 33® foliage.
% Survival
Sex ratio (male:female)Variety Larva to Pupa Larva to Adult Pupa to Adult
DP 5415 52.6 42.3 79.0 44.0:56.0
NuCOTN 33b  48.0 38.2 79.2 42.2:57.8
P  0.188 0.225 0.759 0.869
Percent survival transformed to survival frequencies and analyzed using the PRF.Q procedure (SAS Institute 1^85) 
with C ochran-M antel-H aenszel statisilics ( a  = 0.05) (Landis cl al. 1978).
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Table 2.3. Survival of fall armyworm larvae at 5—30 days after exposure (DAE), to pupa and adult, and successful boll 
penetration on DP 5415 and NuCOTN 33B bolls.
% Survival
Variety » 5 DAE 7 DAE 9 DAE 11-19  DAE 2 1 -3 0  DAE lairva to Pupa Larva to Adult % Bolls Penetrated*
DP 5415 25 84.0 72.0 68.0 64.0 60.0 64.0 60.0 64.0
NuCOTN 33 b  25 60.0 44.0 32.0 20.0 20.0 20.0 20.0 20.0
P 0.114 0.085 0.023 0.004 0.009 0.004 0.009 0.004
Percent survival transformed to survival frequencies and analyzed using the FREQ procedure (SAS Institute 1985) with Fisher's Exact 
Test (2-Tail) («  = 0.05) (Pearson and Hartley 1954). n, Number of insects tested.
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in adult eclosion for the NBT colony compared with the BT colony when reared on DP 
5690 or NuCOTN 35B (Table 2.4). Mean larval weights at 6  and 12 d after exposure for 
the NBT colony were significantly greater (P < 0.05) than for the BT colony when reared 
on DP 5690, but not significantly different (P > 0.05) from the BT colony when reared 
on NuCOTN 3 5 B (Table 2.5).
Discussion
Although survival of fall armyworm larvae reared for one generation on DP 5415 
foliage was not significantly different from that of larvae reared on NuCOTN 3 3 B foliage, 
it appeared that the 6 -endotoxin in this Bt cotton variety retarded larval development and 
may have had a detrimental effect on neonate survival in the subsequent generation. 
Similarly, percentages of pupation and adult eclosion were not significantly different 
between varieties, but survival of larvae reared on normal cotton (DP 5415 and DP 5690) 
appeared to be quite low when compared with that of other noctuid species (Pitre and 
Hogg 1982, Ali and Luttrell 1990). These results may be attributed to the fact that cotton 
is not a preferred host for fall armyworms. Ali and Luttrell (1990) showed that survival 
of lst-instar fall armyworms on normal cotton under field conditions was extremely low 
(1.8—3.5%), whereas laboratory studies indicated that only 42.5% of lst-instars survived 
to pupation at 25°C on greenhouse-grown cotton plants (Pitre and Hogg 1982). Pupation 
percentages in the current study of 52.6% for larvae reared on DP 5415 and 48.0% for 
larvae reared on NuCOTN 33B are similar to those reported by Pitre and Hogg (1982). 
Larvae reared on artificial diet developed about twice as fast as those fed normal cotton 
foliage (data not shown), a result shown by Ali et al. (1990b).
Adamczyk et al. (1997) demonstrated that penetration of 5th-instar fall armyworms 
caged on DP 5415 and NuCOTN 33B bolls of ~ 250.0—300.0 heat units was at least 
60.0%. In that study, fall armyworms were reared initially on artificial diet, a more 
suitable diet for fall armyworms than is cotton foliage (Ali et al. 1990b). The lower boll
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Table 2.4. Percent survival of Fj fall armyworm larvae at 2 ,4  and 6 d 
after exposure (DAE), and to adult, for NBT and BT fall armyworm 
colonies on DP 5690 and NuCOTN 35® foliage.
Variety
Colony n DP 5690 NuCOTN 35B
_____
NBT 60 100.0 90.0
BT 60 100.0 93.3
  0.743
4 DAE
NBT 60 96.7 90.0
BT 60 96.7 85.0
1.000 0.582
6  DAE
NBT 60 88.3 73.3
BT 60 95.0 80.0
0.322 0.518
Larva to Adult
NBT 25 84.0 68.0
BT 25 56.0 56.0
0.062 0.743
Percent survival transformed to survival frequencies and analyzed using the FREQ 
procedure (SAS Institute 1985) with Fisher exact test (2-tail) (a  = 0.05) (Pearson 
and Hartley 1954). n, Number of insects tested. NBT, Previous generation reared 
on DP 5415. BT, Previous generation reared on NuCOTN 33B.
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Table 2.5. Larval weights (mg/larva) at 6 and 12 DAE of Ft 
larvae from NBT and BT fall armyworm colonies on DP 5690 
and NuCOTN 35® foliage.
Colony n
Variety
DP 5690 NuCOTN 35B
6  DAE
NBT 25 15.08 6.32
BT 25 7.27 7.70
P
< 0 .0 0 1 0.308
12 DAE
NBT 240.00" 98.08^
BT 130.68°' 93.14^
P
< 0 .0 0 1 0.913
Mean larval weights were analyzed using the NPAR1WAY 
procedure (SAS Institute 1985) with Wilcoxon sum rank test 
(a  = 0.05) (Conover 1980). n. Number of insects tested. 
NBT. Previous generation reared on DP 5415. BT, Previous 
generation reared on NuCOTN 33B. 
a n = 24. 
c n = 22. 
b n = 23. 
d n = 20.
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penetration success for larvae reared on NuCOTN 33B in this study (20%) may have been 
caused by sublethal effects attributed to the 3-endotoxin in NuCOTN 33B leaves that 
hindered boll penetration. Those larvae that were unable to penetrate the boll could not 
survive on the external boll tissue and subsequently died before pupating.
Our results show that a single generation of exposure to the 3-endotoxin present in 
NuCOTN 33B did not significantly affect larval survival and development of fall 
armyworms when reared on DP 5690 and NuCOTN 35B. These data suggest that 
selection significantly affected larval development of fall armyworms on leaves of normal 
cotton. Additional studies with other colonies of fall armyworms are needed to confirm 
that this trend on normal cotton is either the result of nutritional differences between 
normal and transgenic Bt cotton or simply natural variation.
Although the 3-endotoxin in transgenic Bt cotton varieties retarded larval development 
of the fall armyworm, management implications remain speculative. Local outbreaks of 
fall armyworms reported on transgenic Bt cotton in southern Alabama and Georgia 
suggest that the 3-endotoxin alone cannot adequately control this pest in certain situations 
(Hood 1997, Smith 1997). It is possible that the sublethal effects from the 3-endotoxin 
may improve the efficacy of synthetic insecticides against fall armyworms on transgenic 
Bt cotton, as in the case of combining insect growth regulators and bacterial insecticides 
for controlling fall armyworms (Chandler 1995). Until the behavior of fall armyworms 
on transgenic Bt cotton is examined more fully, the appropriate use of foliar applied 
insecticides against this pest on transgenic Bt cotton remains unclear.
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CHAPTER 3
SUSCEPTIBILITY OF CONVENTIONAL AND TRANSGENIC COTTON 
BOLLS EXPRESSING THE B AC ILLU S TH U RING IENSIS  (BT) 
CrylA(c) 6-ENDOTOXIN, AT VARIOUS AGES, TO FALL ARMYWORM 
(LEPIDOPTERA: NOCTUIDAE) INJURY
Introduction
The fall armyworm, Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae), is 
a destructive migratory pest of many agroecosystems in the southeastern United States 
(Sparks 1979, Smith 1985). This pest is considered a sporadic but significant pest of 
cotton, Gossypium hirsutum L., from North Carolina to Texas (Smith 1985). Local 
outbreaks of the fall armyworm were reported in 1996 in southern Alabama and Georgia 
in both conventional cotton and transgenic cotton expressing a Bacillus thuringiensis (Bt) 
Berliner 6 -endotoxin (Hood 1997, Smith 1997).
The developmental rate of a cotton boll is closely associated with temperature. Boll 
development is classified based on heat unit accumulation rather than age (Bagwell and 
Tugwell 1992). Management of cotton development often is determined by counting the 
nodes above the uppermost white flower in the first fruiting position of the cotton plant 
(nodes above white flower = NAWF) (Bernhardt et al. 1986) and combining those data 
with boll age (heat unit accumulation) (Bagwell and Tugwell 1992, Torrey et al. 1997). 
Bagwell (1994) showed conventional cotton bolls that accumulated 350 heat units, attain 
resistance (failure to penetrate boll) to third instar bollworms, Helicoverpa zea (Boddie). 
Those data suggested that insecticide control of this pest on cotton could be terminated 
when the last population of bolls on cotton plants contributing to yield have accumulated 
at least 350 heat units. While similar data has been obtained for the boll weevil, 
Anthonomus grandis grandis (Boheman) (Bagwell 1994), other cotton pests have not 
been examined fully. Late instar fall armyworms (4th-6th) feed almost exclusively on 
bolls low in the plant canopy (Ali et al. 1990). Studies with individual late instar fall
27
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armyworms caged on cotton bolls indicated that injury to small bolls resulted in 
significant reductions in their probability of harvest (Ali et al. 1990). However, the stage 
of development at which both conventional and transgenic Bt cotton bolls may be 
resistant to fall armyworm injuiy is unknown. Boll tolerance data must be obtained for 
each noctuid pest that can damage bolls to establish recommendations for termination of 
insect control strategies in conventional and transgenic Bt cotton. This study was 
conducted to define the period of boll susceptibility to fall armyworm injury on 
conventional as well as transgenic Bt cotton.
Materials and Methods
All experiments were conducted from June-August during 1995-1997. Transgenic Bt 
cotton (cv. NuCOTN 3 3 B) containing the Bollgard™ gene (Monsanto Co., St. Louis,
MO 63167) and one of its conventional cotton parental lines (cv. DP 5415) used in these 
experiments were grown at the Macon Ridge Location of the Northeast Research Station 
(Louisiana State University Agricultural Center, Louisiana Agricultural Experiment 
Station) near Winnsboro, LA. Field collections of fall armyworm were made from field 
com, Zea mays L., near Brownsville, TX and Baton Rouge, LA in 1996, and from the 
Macon Ridge Location of the Northeast Research Station in 1997.
Fall armyworms were reared for a minimum of 2 generations in the laboratory to 
eliminate diseases and parasitoids before placing larvae on cotton bolls. Larvae were 
reared according to the methods described in Perkins (1979) using a soybean/wheat germ 
meridic diet (King and Hartley 1985). Approximately 60 pupae were placed into 
individual cardboard cylinders (3.79 L) lined with wax-paper and covered with 
cheesecloth. Moths were fed a 10% sugar water solution. Eggs were harvested daily 
from sheets of cheesecloth and wax-paper, and held in an environmental chamber at 27 ± 
1°C and a photoperiod of 14:10 (L:D) h. Neonate larvae were transferred to 29.6 ml cups 
containing artificial diet, capped, and reared as described above.
R ep ro d u ced  w ith p erm iss io n  o f  th e  cop yrigh t ow n er. Further reproduction  prohibited w ith out p erm issio n .
29
Boll Infestations. Yellow “snap on tags” (A. M. Leonard, Inc., Piqua, OH) 
were labelled with the date of anthesis, and placed around the petioles of the 
corresponding first position white flowers on cotton plants. The daily growth of tagged 
bolls was recorded in heat units described in Bagwell and Tugwell (1992) as: (maximum 
+ minimum daily temperature/2 ) - 60, where 60 is considered the minimum temperature at 
which development occurs. The age class of cotton bolls at infestation was calculated by 
accumulating heat units from the initial date of anthesis to time of infestation.
A single fifth instar (300-400 mg) was placed into a 15 cm X 11.5 cm cloth mesh 
bag #280 with drawstrings and placed over DP 5415 or NuCOTN 33B bolls in various 
stages (heat units) and closed tightly to minimize escape. After 72 h, the bagged bolls 
were excised from the plant and larval mortality, incidence of feeding, and boll 
penetration were recorded. Larval mortality was defined as no movement after 10 s of 
prodding with blunt forceps. Incidence of feeding was defined as evidence of larval 
feeding on the external boll wall. Boll penetration was defined as the ability of a larva to 
completely penetrate through the boll walls (i.e. exocarp and endocarp) into the seed/fiber 
(White 1995).
In 1996, fall armyworms were placed on both DP 5415 and NuCOTN 33B bolls, 
while only NuCOTN 33B bolls were infested in 1997. For DP 5415, the mean number of 
fall armyworm larvae infested per heat unit was 24.3 with a total sample size of 267 
larvae for 11 different heat units (39.5-852.0 heat units). Initial regression analysis 
(PROC REG, SAS Institute 1985, 655-709) for NuCOTN 33B bolls infested with fall 
armyworms revealed no significant differences (P > 0.05) between the slopes and Y- 
intercepts for all observations collected during 1996 and 1997. Therefore, these data 
were combined to obtain a larger sample size. For NuCOTN 33B, the mean number of 
fall armyworm larvae infested per heat unit was 33.5 with a total sample size of 1172 
larvae for 35 different heat units (20.5-780.0 heat units).
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Data Analyses. Regression analysis (PROC REG, SAS Institute 1985,655-709) 
was used to determine if there was a significant relationship between larval mortality, 
incidence of feeding, or boll penetration, and accumulated heat units (boll age). In all 
regression analyses, linear relationships were used for all regression models, because 
higher order polynomials did not improve the fit of the model.
Results and Discussion
Fall armyworms caged on DP 5415 penetrated £ 60% of bolls regardless of boll age 
(Figure 3.1A). Larval mortality was quite low, ranging from 0.0 to 4.5% with a mean 
value of 2.26% (Table 3.1). Incidence of feeding was high regardless of boll age ranging 
from 72.7 to 100%. There was no significant linear relationship (P > 0.05) describing 
larval mortality (R2 = 0.003; F = 0.026; df = 1,9; P = 0.876), incidence of feeding ( /? 2  = 
0.001; F=  0.001; df=  1,9; P = 0.974), or boll penetration (R2 = 0.145; F=  1.53; df = 
1,9; P = 0.248) as a function of accumulated heat units.
The regression equation indicated NuCOTN 33B bolls were tolerant (<, 10% boll 
penetration) to fifth instar fall armyworm damage at 864 heat units. However at this age, 
cotton fiber would be mature and bolls are normally opening (Landivar and Benedict 
1996) (Figure 3. IB). In addition, > 11% of larvae were able to penetrate mature 
NuCOTN 33B bolls that were near opening (between 750 and 850 heat units). Larval 
mortality was quite low, ranging from 0.0 to 14.8% with a mean value of 3.09% (Table 
3.1). Incidence of feeding was high, regardless of boll age, ranging from 57.1 to 100%. 
There was no significant linear relationship (P > 0.05) describing incidence of feeding 
(R2 = 0.019; F = 0.625; df = 1,33; P = 0.435) as a function of accumulated heat units. 
However, there was a significant linear relationship (P < 0.05) describing larval mortality 
(R2 = 0.429; F = 24.8; df = 1,33; P<, 0.0001) as a function of accumulated heat units, 
indicating that larval mortality increased as NuCOTN 33B bolls developed. In addition, 
there was a significant linear relationship (P < 0.05) describing boll penetration as a
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Figure 3.1. Percent boll penetration vs accumulated heat units for 
fifth instar fall armyworms caged on (A) DP 5415 and (B) NuCOTN 33 B.
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Table 3.1. Mortality and incidence of larval feeding for fall armyworm 
larvae caged on conventional (cv. OP 5415) and transgenic Bt cotton bolls 
(cv. NuCOTN 3 3 b) of various ages.
No.
larvae
Mean ± SE
Heat units“ % Mortality % Incidence of larval feeding
267 39.5-852.0
DP 5415 
2.26 ± 0.655 88.36 ± 2.990
1172 20.5-780.0
NuCOTN 33B 
3.09 ± 0.703 81.53 ± 1.726
“Method to classify cotton boll age based on heat. [Heat units = (daily high temperature + 
daily minimun daily temperature/2 ) - 60],
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function of accumulated heat units (R2 = 0.634; F = 57.1; df = 1,33; P < 0.0001), 
indicating that boll penetration decreased as NuCOTN 33B bolls developed.
Research on late-season insecticide termination strategies against cotton pests suggest 
that when plants are at NAWF = 5 and the last effective boll population has accumulated 
at least 350 heat units, harvestable yield is tolerant to injury by boll weevil or tobacco 
budworm and bollworm (Bagwell and Tugwell 1992, Torrey et al. 1997). Unlike these 
insects, fall armyworms damaged bolls that accumulated 350 heat units at unacceptable 
levels (> 40%). If insecticide applications are terminated when bolls have accumulated 
350 heat units, without concerns for other pests such as fall armyworms, yield losses 
may result. Thus, when using the insecticide termination rules for tobacco budworms, 
bollworms, and boll weevils, frequent scouting of cotton fields for additional pests is 
necessary to determine if further IPM strategies are needed.
This study indicated that boll tolerance differs among noctuid pests. Therefore, boll 
susceptibility at various developmental stages should be determined for each pest 
to refine termination of insect control strategies in cases where multiple pests occur.
Thus, producers should exercise caution when using insecticide termination treatments. 
Further data are needed to determine boll tolerance levels for all larval stages of fall 
armyworms, because all larval stages will feed on fruiting forms (Ali et al. 1990, Smith 
1985).
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CHAPTER 4
SUSCEPTIBILITY OF FALL ARMYWORM COLLECTED FROM
DIFFERENT PLANT HOSTS TO SELECTED INSECTICIDES AND 
TRANSGENIC BT COTTON *
Introduction
The fall armyworm, Spodoptera frugiperda (J. E. Smith), is a destructive pest of 
com, Zea mays L.; cotton, Gossypium hirsutum L.; rice, Oryza sativa L.; and forage 
grasses throughout the western hemisphere (Sparks 1979). Populations of the fall 
armyworm that feed on different plant species can be classified as genetically 
differentiated host-associated strains: a corn-associated strain that feeds primarily on com 
and a rice-associated strain that feeds primarily on forage grasses and rice (Pashley et al. 
1985). Both host-associated strains are broadly sympatric (Pashley 1986), and 
reproductive isolating mechanisms and incompatibility have been reported between the 
strains (Pashley and Martin 1987, Pashley et al. 1992). Because the strains are 
morphologically identical, genetic markers are required to distinguish them.
Before host-associated strains of the fall armyworm were characterized, differences in 
susceptibility of fall armyworm larvae to insecticides were categorized based on host plant 
influences rather than behavioral and physiological differences attributed to reproductively 
isolated host strains (Wood et al. 1981). Larvae reared on bermudagrass, Cynodon 
dactylon (L.), and millet, Pennisetum glaucum (L.), were more susceptible to carbaryl 
and permethrin than larvae reared on com, cotton, or soybean, Glycine max (L.) (Wood 
et al. 1981). Pashley et al. (1987) were the first to show that differences in insecticide 
susceptibility could be associated with the two fall armyworm host-associated strains. 
Larvae of the rice-associated strain were about three and five times more susceptible to 
diazinon {0,0-diethyl 0-[6-methyl-2-(l-methylethyl)-4-pyriniidmyl] phosphorothioate}
* Reprinted by permission of Journal of Cotton Science.
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and carbary 1 ( 1-naphthyl methylcarbamate), respectively, than larvae of the corn- 
associated strain. Some evidence suggests that physiological factors, such as the activity 
of detoxifying enzymes [i.e., mixed-fiinction oxidase (MFO)], may play an important 
part in host plant adaptation of host-associated strains of the fall armyworm (Veenstra et 
al. 1995).
With the advent of transformation technology, the question of whether host- 
associated strains of the fall armyworm may differ in their susceptibility to the d- 
endotoxin present in transgenic crops such as Bacillus thuringiensis Berliner (Bt) cotton 
arises. Other agronomically important Lepidoptera, such as the tobacco budworm, 
Heliothis virescens (F.); cotton bollworm, Helicoverpa zea (Boddie); and pink bollworm, 
Pectinophora gossypiella (Saunders), differ in their susceptibility to the 5-endotoxin 
found in foliar Bt products (Macintosh et al. 1990) as well as transgenic Bt cotton 
(Jenkins et al. 1992, Wilson et al. 1992, Halcomb et al. 1996).
Because the fall armyworm is considered a sporadic but serious pest on cotton as well 
as other agronomically important crops (Young 1979), many insecticide efficacy studies 
have been conducted (Combs and Chambers 1979, Leeper 1979, Smith 1985, Mink and 
Luttrell 1989, Nyouki et al. 1996). Because of ease and availability of making 
collections, researchers often use larvae collected from rice, various forage grasses, 
(Nyouki et al. 1996), or com (Mink and Luttrell 1989) when examining insecticides 
registered for cotton. Our objective was to determine the relative susceptibilities of fall 
armyworms collected from different hosts.
M aterials and M ethods
Insects. A laboratory colony (LAB) consisting of fall armyworms originally 
collected from field com, and verified using genetic markers to be the corn-associated 
strain, was provided by H. W. Fescemyer, Department of Entomology, Clemson 
University. AH field colonies of the fall armyworm were collected from field com 
(BENHUR, BRNV, and ST. JOSEPH colonies), bermudagrass (WINNGRASS
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colony), or the forage grass, browntop millet, Brachiaria ramosa (L.) Staph (MILLET 
colony). Approximately 200 larvae were collected from each host (Table 4 .1 ). Before 
conducting topical bioassays, larvae were reared for at least one generation on artificial 
diet, to minimize disease and eliminate parasitoids, according to the methods described in 
Perkins (1979) as modified by the use of a soybean/wheat meridic diet (King and Hartley 
1985).
Topical Bioassay. Technical grade insecticides dissolved in acetone were applied 
topically (1 .0  ji\ total volume) to the dorsal region of the thorax of third instar fall 
armyworms weighing 30—45 mg using a Hamilton microsyringe with repeating ratchet 
dispenser. The insecticides tested included a pyrethroid, cypermethrin {(a)-cyano-3- 
phenoxybenzyl (a)-cis, trans-3-(2,2-dichlorovinyl)-2,2 dimethylcyclopropane- 
carboxylate} (FMC Corp., Princeton, NJ); an organophosphate, methyl parathion {0,0- 
diethyl 0-(4-nitrophenyl) phosphorothioate} (ChemService, West Chester, PA); and a 
carbamate, methomyl {S-methyl N-[(methylcarbamoyl)oxy] thioacetimidate} (E. I. 
DuPont de Nemours Co., Wilmintgon, DE). Treated larvae were held on artificial diet in 
an environmental chamber (14:10 [L:D] cycle, 27±1°C, 70±10% RH). Mortality was 
assessed after 48 h and defined as the inability of larvae to make coordinated movements 
within 10 s of prodding. Except for the methomyl treatment of one of the collections 
from field com (BRNV), the same generation/colony was used for each insecticide. 
Acetone-treated larvae were used as controls, and mortality in the insecticide treatments 
were adjusted for control mortality using Abbott's formula (Abbott 1925). Control 
mortality never exceeded 5%. Data were analyzed by probit analysis using POLO-PC 
(LeOra Software 1987). Toxicity ratios (TR) were calculated by dividing the L D 50  of a 
field colony by that of LAB. Confidence limits (C. L.; 95%) for toxicity ratios were 
estimated using the method described in Robertson and Preisler (1992). LD 50  values for 
an insecticide and colony and were considered significantly different if their 95% C. L. 
did not overlap.
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Table 4.1. Host, Date, Number Collected, and Site of Fall Armyworm 
C ollections.
Colony Host No. Collected Collection Site/Date
LAB Field Com Corn-associated strain- in culture for 
= 30 generations
BRNV Held Com = 2 0 0 Brownsville. TX, May 7-8, 1996
BENHUR Field Com = 2 0 0 Baton Rouge. LA. June 25, 1996
ST. JOSEPH Field Com = 2 0 0 St. Joseph. LA, August 8 , 1996
WINNGRASS Bermudagrass = 2 0 0 Winnsboro. LA. July 3, 1996
MTT f FT Browntop Millet = 2 0 0 Winnsboro, LA. September 16, 1996
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Transgenic Bt Cotton Bioassay. Mortality was compared between fall 
armyworm colonies fed a transgenic Bt cotton cultivar expressing the CrylA (c) gene (cv. 
NuCOTN 33B) and its conventional parental cultivar not expressing the CrylA (c) gene 
(cv. DP 5415). Neonate larvae from the field com colony, BRNV, (F3 generation) and 
the bermudagrass colony, WINNGRASS, (Fi generation) were placed inside 9.2-cm- 
diameter plastic petri dishes with 9.0-cm-diameter filter paper discs (moistened daily to 
prevent leaf desiccation) and covered to prevent escapes (BRNV: 5 larvae/dish and 20 
dishes/cultivar; WINNGRASS: 5 larvae/ dish and 40 dishes/cultivar). Larvae confined 
within the dishes were fed whole leaves that were selected from the lower one-third of 
field-grown plants (Northeast Research Station, Macon Ridge Location, Winnsboro, LA) 
of the same age because fall armyworm larvae are usually distributed low in the plant 
canopy (Ali et al. 1990). Leaves were changed every 48 hours. To prevent cannibalism, 
after 96 hours larvae were placed into individual 5.7-cm-diameter plastic petri dishes with 
a moistened 5.5-cm-diameter filter paper disc and reared as described above. Dishes 
were kept in a growth chamber (14:10 [L:D] cycle, 27±1°C, 70±10% RH) throughout 
larval development. Larval mortality at 2 ,4 ,6 , and 12 days after exposure (DAE) were 
recorded for each cultivar. To minimize the possible fitness differences associated with 
larvae from two different generations, WINNGRASS and BRNV were reared for 8-10 
generations in the laboratory on artificial diet before repeating the experiment as described 
above except for replacing NuCOTN 33B with 'NuCOTN 35B' (which also expresses the 
CrylA (c) insecticidal protein) and DP 5415 with T)P 5690' (parental cultivar of 
NuCOTN 35B). This allowed the use of cotton plants of approximately the same size and 
age as in the initial experiment Mortality frequencies were generated using the FREQ 
procedure (SAS Institute 1985) and were analyzed using Cochran-Mantel-Haenszel 
statistics (Landis et al. 1978).
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Results
Topical Bioassay. Susceptibility of third instar fall armyworm to all insecticide 
classes was significantly greater, based on LD5 0  values, for the colonies from 
bermudagrass and browntop millet (WINNGRASS and MILLET, respectively) compared 
with the laboratory colony (LAB) and colonies collected from field corn (BENHUR, 
BRNV, and ST. JOSEPH), with the exception of the methomyl treatment of BRNV 
(Table 4.2). However, the F6 generation from BRNV was treated with methomyl, 
whereas the F4  generations of the other colonies were treated with methomyl. Thus, 
differences in BRNV susceptibility to methomyl in comparison with other colonies may 
have been due to differences in generation tested rather than host-associated or host 
strain-specific differences. Fall armyworm collected from bermudagrass 
(WINNGRASS) and browntop millet (MILLET) were up to 50, 118, and 4 times more 
susceptible than LAB to cypermethrin, methyl parathion, and methomyl, respectively. In 
addition, toxicity ratios (LD5 0  field strains/LDso LAB) for WINNGRASS and MILLET 
were significantly lower than BENHUR, BRNV, and ST. JOSEPH (Table 4.2).
The LD50's for fall armyworm larvae from ST. JOSEPH were significantly lower for 
cypermethrin and numerically lower for methyl parathion compared to all other colonies 
from field com. Only 90% confidence limits and a significant chi-square were reported 
for the ST. JOSEPH colony treated with methyl parathion. Plotting the dosage-mortality 
line for this colony revealed an inflection in the LD50  line, suggesting that multiple 
phenotypes were present in the ST. JOSEPH colony (data not shown). Larval densities 
of the rice-associated strain on various grasses peaks in late summer (Pashley 1988a), 
and both host-associated strains can easily be reared on each other's host plants in the 
laboratory (Pashley 1988b) and in the field (Pashley 1986), suggesting that because the 
ST. JOSEPH colony was collected from field com late in the growing season, both host- 
associated strains may have been collected from this site and were present in this colony.
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Table 4.2. Susceptibility of three collections of fall armyworm from corn, two collections from various 
grasses and a laboratory-reference corn strain after 48 hours of exposure to selected insecticides.
C ollection Insecticide
O cncin lion
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.50
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The reason(s) for the high LD5 0  for methomyl measured with the BENHUR colony is not 
known.
These data show insecticide susceptibility differences between fall armyworm larvae 
collected from field com and forage grasses. To show genetic differences between the 
fall armyworm host-plant-associated strains, we used the method described in Lu and 
Adang (1996). Twenty-nine of 36 WINNGRASS larvae tested (80.6%) had the 
mitochondrial DNA pattern indicative of a rice-associated strain, while 12 of 12 BRNV 
larvae tested (100%) had the pattern indicative of a corn-associated strain. Current 
genetic markers to distinguish fall armyworm host-associated strains are sex-linked 
(Adamczyk et al. 19%), or in the case of mitochondrial DNA, maternally inherited (Lu 
and Adang 19%). Therefore, the ability to detect the extent of intraspecific-strain matings 
is severely hindered without the use of an autosomal or nuclear marker. However, the 
topical bioassay described here, using either cypermethrin or methyl parathion, may be a 
reliable method to distinguish or corroborate verification of fall armyworm host- 
associated strains, although further testing of our method is needed.
Transgenic Bt Cotton Bioassay. Data for larval mortality of fall armyworms 
collected from field corn (BRNV) or bermudagrass (WINNGRASS) when fed on 
transgenic Bt cotton foliage (NuCOTN 33B) or its conventional parental cultivar (DP 
5415) are given in Table 4.3. When analyzed by cotton cultivar for both colonies, larval 
mortality for the bermudagrass colony fed on transgenic Bt cotton and conventional 
cotton was significantly greater than the colony from field com at 2,4, and 12 DAE.
Similar trends in Bt susceptibility were observed when the experiment was repeated 
with larvae from BRNV and WINNGRASS colonies reared on artificial diet for 8—10 
generations (Table 4.4). When analyzed by cultivar for both colonies, mortality for the 
bermudagrass colony fed on transgenic Bt cotton was significantly greater than the colony 
from field com at 2 and 4 DAE. No significant differences in mortality on conventional 
cotton were observed between fall armyworm colonies.
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Table 4.3. Percent mortality of fall armyworm larvae fed DP 
5415 and NuCOTN 33® at 2, 4, 6, and 12 d after exposure 
(DAE).
Percent Mortality
Colony (source) D P  5 4 1 5 NuCOTN 3 3 B
2  D A E
BRNVa (field com) 1 0 .0 1 1 .0
W IN N G R A S S k (b e r m u d a g r a s s )  2 4 .0 5 7 . 0
0 . 0 0 4
P
4  D A E
0 . 0 0 1
B R N V 1 0 .0 1 3 .0
W I N N G R A S S 2 7 .5 6 1 .5
0 .0 0 1
P
6  D A E
0 . 0 0 1
B R N V ' 2 5 .0 3 4 . 0
W I N N G R A S S 3 2 .5 6 4 . 0
0 . 1 8 2
P
1 2  D A E
0 .0 0 1
B R N V 2 6 .0 4 9 . 0
W I N N G R A S S 6 4 .5 9 6 .5
0 .0 0 1
P
0 .0 0 1
Percent mortality transformed to mortality frequencies and 
analyzed using the FREQ procedure (SAS Institute 1985) 
with Cochran-Mantel-Haenszel statistics (P = 0.05) 
(Landis et al. 1978).
aF3  generation tested; 1 0 0  larvae tested.
^Fj generation tested; 2 0 0  larvae tested.
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Table 4.4. Percent mortality of fall armyworm larvae fed 
DP 5690 and NuCOTN 35® at 2 and 4 d after exposure (DAE).
Percent Mortality
Colony (source) D P 5690 NuCOTN 35B
B R N V a (field com) 13.0
2 D A E
27.0
W IN N G R A SS*5 (bermudagrass) 21.0 44 .0
0.133
P
0 .0 1 2
B R N V  16.0
4  D A E
31.0
W IN N G R A SS 23.0 51 .0
0.213
P
0.004
Percent mortality transformed to mortality frequencies and 
analyzed using the FREQ procedure (SAS Institute 1985) 
with Cochran-Mantel-Haenszel statistics (P = 0.05) 
(Landis et al. 1978).
aF 1 0  generation tested: 1 0 0  larvae tested.
^Fg generation tested; 1 0 0  larvae tested.
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
45
Discussion
Fall armyworm larvae collected from bermudagrass (Fi generation) were more 
susceptible to the d-endotoxin present in transgenic Bt cotton than fall armyworm larvae 
collected from field com (F3 generation). This trend also was observed after larvae were 
reared for 8-10 generations in the laboratory, indicating susceptibility differences to Bt 
between the two colonies may be due to intrinsic host strain differences, such as those 
discussed in Veenstra et al. (1995). Further studies have shown that the bermudagrass 
colony (WINNGRASS) is >3.5X more susceptible to the d-endotoxin present in a diet 
overlay bioassay of foliar Bt (Javelin ® WG, Sandoz Agro, Inc., Des Plaines, IL) than 
the laboratory reference colony (LAB) (Adamczyk, unpublished data).
Veenstra et al. (1995) reported that food consumption and utilization in the fall 
armyworm is host strain-specific. Larvae of the com-associated strain performed better 
than larvae of the rice-associated strain. The com-associated strain was more efficient in 
converting digested food into biomass than the rice-associated strain when fed com. The 
data in the present study indicate that larvae collected from com may survive better on 
conventional cotton than larvae collected from bermudagrass.
Differences in larval susceptibility to commonly used cotton insecticides and 
transgenic Bt cotton appear to be related to the host-associated strains of fall armyworm. 
Fall armyworms on cotton may consist of a mixture of com and rice-associated strains, 
although the strain status of fall armyworm on cotton has not been fully characterized 
(Pashley 1986). Therefore, future management of this pest on cotton needs to address 
the susceptibility of host-associated strains of the fall armyworm. If only the com- 
associated strain utilizes cotton as a food source, fall armyworms collected from rice or 
various forage grasses may bias insecticide bioassay results towards foliar cotton 
insecticides and transgenic Bt cotton susceptibility. Because host-associated strains are 
common in many Lepidoptera (Pashley et al. 1990, see Sperling 1994 for a recent
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review), variation in susceptibility of other lepidopteran species to a particular insecticide
may be related to intraspecific host strain differences rather than simply natural variation.
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CHAPTER 5
INTRA- AND INTERSPECIFIC DNA VARIATION IN A SODIUM 
CHANNEL INTRON IN SPODOPTERA 
(LEPIDOPTERA: NOCTUIDAE) * 
Introduction
Use of insect nuclear markers for phylogenetic and taxonomic purposes is still in its 
infancy. The most widely used nonmitochondrial region for insect phylogenetic studies 
has been the nuclear ribosomal DNA (rDNA) cluster. The 18S subunit coding regions 
have been used to study relationships among distantly related taxa, whereas the more 
rapidly evolving 28S subunit and internal transcribed spacer regions (ITS 1 and ITS 2) 
have been sequenced to assess relationships within or among more closely related species 
(Brower and DeSalle 1994, Von Dohlen and Moran 1995). Non-rDNA multigene 
families examined include polyubiquitin (Wheeler et al. 1993), histone genes (Burton and 
Lee 1994), chorion genes (Regier et al. 1994), opsins (Carulli et al. 1994), and 
vitellogenin genes (Trewitt et al. 1991, Valle et al. 1993, Martinez and Brownes 1994). 
Only a few single-copy nuclear genes have been examined for phylogenetic purposes, 
including alcohol dehydrogenase (Jeffs et al. 1994), 6 -phosphogluconate dehydrogenase 
(Begun and Aquadro 1994), period locus (Kliman and Hey 1993), glucose 6  phosphate 
dehydrogenase (Soto-Adames et al. 1994), and elongation factor-1 alpha (Cho et al. 
1995); see Brower and DeSalle 1994 for a recent review).
The sodium channel para locus encodes an alpha-subunit on the X- chromosome in
Drosophila melanogaster Meigen (Loughney et al. 1989) but is autosomal in Lepidoptera
(Taylor et al. 1993). Introns exhibit extensive intraspecific DNA variation and may be
useful for population genetic studies and species level systematics. Mutations present in
intronic regions of the tobacco budworm, Heliothis virescens (F.) (Lepidoptera:
*This chapter is published in the November, 1996 issue of the Annals of the 
Entomological Society of America, volume 89(6), pp. 812-821, J. J. Adamczyk, Jr., J.
F. Silvain, and D. P. Pashley Prowell, and copyrighted by the Entomological Society of 
America
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Noctuidae), distinguished laboratory strains and pyrethroid-resistant and -susceptible 
laboratory colonies (Taylor et al. 1993). Furthermore, Kuipple et al. (1994) showed that 
the sodium channel para locus in strains of house flies, Musca domestica L., contained 30 
point mutations or indel events that were linked to expression of insecticide resistance. If 
differences exist among insecticide-resistant and insecticide-susceptible strains of Af. 
domestica and H. virescens, and laboratory colonies of H. virescens, it is likely that 
markers and characters exist to distinguish other insect strains and species.
To determine if the para locus contained phylogenetic information at the intraspecific 
and species level, the fall armyworm, Spodoptera frugiperda (J. E. Smith), species 
complex was examined. This insect is composed of 2 genetically differentiated strains 
(Pashley et al. 1985), a corn strain that feeds on com, and a rice strain that feeds on rice 
and forage grasses. Both strains are broadly sympatric (Pashley 1986) and reproductive 
isolating mechanisms have been reported between the strains (Pashley et al. 1992). 
Multilocus allozyme genotypes allow identification of many individuals, and 
mitochondrial diagnostic markers also distinguish strains (Ke and Pashley 1992). 
However, without additional nuclear markers, the hybrid status of allozymic 
intermediates cannot be determined precisely. Allozyme heterozygotes may be produced 
by either hybridization between strains or retention of the same ancestral alleles in each 
strain (i.e., genetic overlap). If hybrids exist, they should be heterozygous at all strain- 
specific nuclear markers. Because of intraspecific variations found in para locus introns 
of H. virescens, this region was examined in the fall armyworm to determine if a nuclear 
marker could be found to distinguish the 2  strains.
A similar study was conducted using Spodoptera (Guende) species to determine if the 
sodium channel para locus is useful for phylogenetic analysis at the interspecific level. 
Spodoptera contains 34 species (Poole 1989, Holloway 1989, Lalanne-Cassou et al. 
1994), 15 of which occur in the New World (Todd and Poole 1980, Lalanne-Cassou et 
al. 1994). In this study, we focused on a subset of the more common species: S.
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frugiperda, S. dolichos (F.), S. latifascia (Walker), S. omithogalli (Guende), S. 
androgea (Stoll), S. exigua (Hiibner), and S. littoralis (Boisduval). Four of these (S. 
dolichos, S. latifascia, S. omithogalli, and S. androgea) are polyphagous New World 
species with morphologically similar larvae (Levy and Habeck 1976, Godfrey 1987). 
These 4 species represent a monophyletic group, based on mitochondrial rDNA data 
(J.F.S., unpublished data). The beet armyworm, S. exigua, is an Old World species that 
has recently been introduced into the New World (Todd and Poole 1980). It has a more 
ancestral position within Spodoptera than the other species in this study, based on 
mitochondrial rDNA data (J.F.S., unpublished data). S. littoralis is a polyphagous 
species of economic importance in Africa, southern Europe, and the Middle East (Brown 
and Dewhurst 1975). Because a phylogeny of these Spodoptera species had already been 
generated from mitochondrial rDNA, we used these insects to determine if a similar result 
could be obtained with the para locus.
M aterials and Methods
Insects. Moths were collected from various sites throughout the western 
hemisphere, or from established laboratory colonies, and frozen at -80°C until further use 
(Table 5.1). Fall armyworm strains were determined using the methods described by Lu 
and Adang (1996) and Pashley (1986). Voucher specimens have been deposited in the 
Louisiana State University Arthropod Museum, Department of Entomology.
Isolation of Genomic DNA. A modification of the method developed by Kirby 
(1957) was used with frozen moths. Approximately 50 mg of tissue consisting of head 
and thorax was placed in a 1.5-ml microcentrifuge tube and homogenized in 700 pi of 
DNA isolation buffer (0.2 M NaCl, 50 raM Tris-Cl [pH 8.0], 1.0 mM DTT, 10 mM 
EDTA, and 0.2% SDS). Homogenates were extracted with phenol and chloroform. The 
DNA was precipitated with ammonium acetate and cold 100% ethanol, and dried in a 
SpeedVac for =5—10 min. The pellet was dissolved in 100 pi of Tris-EDTA (TE) buffer 
and stored at -20°C until further use.
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Table 5.1. Collection sites of 7 species of Spodoptera
S p e c i e s  H o B t
s. X r t : t z o r a l J . a L a b o r a t o r y  c o l o n y
s. o inijL t h o g a i l i P i g  w o o d
s. e x i g u a L a b o r a t o r y  c o l o n y
J S . J. a  t i f a s c i a P h e r o m o n e  t r a p
s. a n d r o g e a P h e r o m o n e  t r a p
s . dolJLchoB P h e r o m o n e  t r a p
£» . t r n g i p o r d a - c o r n s t r a i n
- C l LA C o r n
- C 2 LA C o r n
—C 3 LA C o r n
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Polymerase Chain Reaction. Using the method discussed by Sommer and 
Tautz (1989), degenerate and nondegenerate primers were designed from known regions 
of the H. virescens para sodium channel (Taylor et al. 1993), and synthesized in an 
attempt to amplify para homologous sodium channel DNA in various moths. Nucleotide 
position was determined using the notation designated for the D. melanogaster para locus 
(Loughney et al. 1989). The following International Union of Biochemistry (IUB) codes 
for the identification of redundancies are R=A+G, Y=C+T, H=A+T+C, D=G+A+T, and 
N=A+G+C+T. Degenerate primers were SCD1 4389(+) 5’-TTYAARGGNTGGATHC 
ARATHATG-3’ and SCD2 4459(-) 5’ -TACATRTADATRTTNGTYTC-3 ’. 
Nondegenerate primers were: SCI 4389(+) 5’-TTCAAAGGTTGGATCCAGATTATG- 
3’ and SC2 4459(-) 5’ -TACATGTAGATGTTGGTCTC-3 ’.
When using degenerate primers, polymerase chain reactions (PCR) (25 y\) typically 
contained moth DNA (100-200 ng), 2.0 mM MgCl, 1 X PCR buffer, 100 yM  dNTPs, 
5.0 yM  of each primer, 1 unit Thermus flavus (Tfl) polymerase (Epicentre Technologies, 
Madison, WI) and ultrapure water to volume. For hot-start PCR, Tfl polymerase was 
added last at 70°C (Chou et al. 1992). PCR cycling was conducted in a thermocycler as 
follows: an initial denaturing step at 94°C (5 min), followed by 40 cycles at 94°C (50 s), 
53°C (2 min), and 72°C (25 s), with a final extension at 72°C for 5 min.
When using nondegenerate primers, PCR reactions were conducted exactly as above, 
except that 0.5 yM  of each primer and 0.5 unit of Tfl polymerase were used in reactions. 
PCR cycling was conducted exactly as above.
Cloning. Before cloning, the desired PCR fragment was gel purified to rid 
contaminating erroneous bands by using the QIAquick gel extraction kit (Quigen, 
Chatsworth, CA). Reamplification using the same primers with the elutant gave clean 
and abundant PCR template suitable for cloning. Whenever possible, ligation reactions 
were conducted with 1 to 2-d-old PCR templates to ensure adenosine overhangs. The 
purified PCR fragments were either cloned into a plasmid using the TA cloning kit
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(Invitrogen, San Diego, CA) or using a modified pUC18 derivative (from S. 
Chandrasegaran, Johns Hopkins University School of Hygiene and Public Health, 
Department of Environmental Health Sciences, Baltimore, MD) that leaves a linear 
plasmid with thymidine overhangs after digestion with the restriction enzyme Xcml (1 
unit at 37°C for 2 h). The linear plasmid is gel purified as above. A typical ligation 
reaction consisted of an equal molar amount of template (1.75 pel of 2 ng//d stock) and 
linear plasmid (3.33 pi\ of 15 ng//d stock), 1 X ligation buffer, T4 DNA Iigase (2 Weiss 
units), and ultrapure water to 10.0 /d. Ligation reactions were incubated overnight at 
14°C. Transfer of the plasmids into bacteria was conducted using the One Shot 
Competent E. coli system (Invitrogen, San Diego, CA) exactly as the protocol dictated 
and plated on Luria broth (LB) media containing 50 ^g/ml ampicillin and 40 mg/ml of X- 
gal and incubated overnight at 37°C. Approximately 5—10 white colonies containing 
plasmid with insert were selected and grown overnight at 37°C in 5 ml of LB broth. 
Plasmids were isolated from the bacteria using the QIAprep-spin plasmid kit (Quigen, 
Chatsworth, CA). To determine if the plasmid contained the desired insert, the plasmid 
was digested with 1 unit of restriction enzyme BamHl at 37°C for 1 h and run on a 2.0% 
agarose gel along with a DNA size ladder. Desired plasmids were then manually 
sequenced without the need for further purification.
Manual Sequencing Reactions with PCR Templates. Pretreatment of PCR 
products with Exonuclease I (EXO I) and shrimp alkaline phosphatase (SAP) (United 
States Biochemical, Cleveland, OH) ensured purified template suitable for manual 
sequencing (Adamczyk 1995). Approximately 0.5 pmol of DNA (*5 y\ of PCR 
amplification mixture) was combined with 1 unit of EXO I and 2 units of SAP and 
incubated in a thermal cycler at 37°C for 15 min and inactivated by heating to 80°C for 15 
min.
A modification of the protocol for the IsoTherm DNA sequencing kit (EpiCentre 
Technologies, Madison, WI) was used in all manual sequencing reactions. In brief, an
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aliquot of the pretreatment mixture (5 fil) was used in a typical sequencing reaction 
combined in a 0.5-ml microcentrifuge tube with 7.5 pmol of either the forward or reverse 
PCR amplification/sequencing primer (SCI and SC2), 1 X reaction buffer, and ultrapure 
water to 10 fil. To anneal the primer to the template, the tube was placed in a preheated 
block (100°C) for 2 min and then immediately placed in an water/ice bath for 5 min after 
which the IsoTherm protocol was followed as written.
Manual Sequencing Reactions with Plasmids Containing Inserts. The 
use of universal primers [M13/pUC forward sequencing primer (5’-GTAAAACGACGG 
CCAGT-3’) and T7/T3 sequencing primer (5’-AACAGCTATGACCATG-3’)] with the 
pUC18 derivative was sometimes used to sequence the desired insert because of 
complications resulting from directly sequencing PCR template. Conserved exon 
sequences and less conserved intron sequences were both poorly resolved because of 
problems attributed to primer/annealing mistakes rather than allele sequence variation.
Alkaline denaturation of plasmid DNA with freshly prepared 2.0 M NaOH ensured 
denatured DNA suitable for manual sequencing. In a 1.5-ml microcentrifuge tube, =3.0 
fig of DNA was combined with 2.0 fd  of 2.0 M NaOH and incubated at room 
temperature for 5 min followed by 8.0 fil of 5.0 M NH4 OAC (pH 7.5) and 100 fil of cold 
95% ethanol. The mixture was then incubated at -20°C for 30 min. To pellet the DNA, 
the sample was centrifuged at 12,000 X g for 30 min at 4°C. The supernatant was 
decanted and the pellet washed with cold 70% ethanol, centrifuged at 12,000 X g for 1 
min at 4°C, and dried in a SpeedVac for 5—10 min. The plasmid was resuspended in 7.0 
fil of ultrapure water and manually sequenced using the protocol supplied for the 
Sequenase version 2.0 kit (United States Biochemical, Cleveland, OH).
Sequencing reactions were run on 8.0% acrylamide gels using a vertical sequencing 
apparatus (Owl Scientific, Woburn, MA). Gels were fixed with 20% ethanol for 30 min 
before drying on a vacuum drier. Autoradiography was carried out for 24—72 h.
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Cladistic Analysis. Intron sequences for all species and strains examined were 
aligned manually. Character data for the intra- and interspecific species were analyzed 
using maximum parsimony criteria with computer assisted algorithms contained in 
phylogenetic analysis using parsimony (PAUP version 3.1.1) (Swofford 1989). In all 
cases, the multiple equally parsimonious heuristic search option (MULPARS) with tree 
bisection-reconnection branch swapping (TBR) was used (Swofford 1989). Bootstrap 
analysis using 2 ,0 0 0  replicates was performed in the interspecific study to obtain 
confidence estimates of tree structure.
In the interspecific study, midpoint rooting was used in tree reconstructions. Also, 
tree rooting with 5. exigua was examined. Because the sister genus of Spodoptera is 
unknown, S. exigua was chosen as the outgroup because it appears to be the most 
distantly related species of the 7 examined, based on rDNA and mandibular and genitalia 
morphology data (J.F.S, unpublished data). Intraspecific fall armyworm trees were also 
constructed using the midpoint method and with the other Spodoptera species as the 
outgroup.
Because intron length is highly variable, 2 methods of gap analysis were used. In 
one analysis, all gaps were treated as missing data. In another analysis, gaps of multiple 
bases were treated as characters and taxa scored for presence or absence.
Results and Discussion
Degenerate primers SCD1 and SCD2 amplified an = 190-bp region in fall armyworm. 
Exon amino acid and nucleotide sequence revealed close homology to known D. 
melanogaster (Loughney et al. 1989) and H. virescens (Taylor et al. 1993) para 
sequences (Figure 5.1), verifying that the 190 bp sequence in S. frugiperda was the 
sodium channel para homolog locus (FSCP 1). Nondegenerate primers SCI and SC2 
amplified similar sized PCR templates in the 6  other Spodoptera species as well as H. 
virescens (Figure 5.2). Different alleles per individual (i.e., heterozygotes) were not
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HSCP 1 A A  F K G W I Q I M N D A I D S G E  V G R Q P  I R E T N I  Y M
FSCP 1 AA R : : : : : : : : : : : : : :
HSCP 1 TTCAAAGGTTCGATCCAGATTATGAACGATGCTATTGATTCAGGAGAG-INTRON-GTGGGACGACAACCAATAAGAGAGACGAACATCTACATG
Mi l l  II HIM Mi l l  111111II 11111II1111 1111 Mi l l  II Mi l l  III I 111111111111 i 1111 i
FSCP 1 TTCAAGGGATGGATACAGATCATGAACGACGCTATTGATTCGAGAGAA-1 NTRON-GTGGGCCGGCAACCTATACGCGAGACGAACA'I'CTACA'l'G
Figure 5.1. Alignment of nucleotide and deduced amino acid sequence of II. virescens para sodium channel 
locus (HSCP 1) (Taylor et al. 1993) and S. frugiperda para sodium channel locus (FSCP 1) flanking the «170- 
bp intron.
Ul-J
Figure 5.2. Computer scan of a 2.0% agarose gel conta in ing  
amplified regions of para locus homologs using the SCI and 
SC2 primers in various species of Spodoptera and H. virescens. 
Lane 1 ,123-bp ladder; lane 2, frugiperda; lane 3, virescens; 
lane 4, dolichos; lane 5, latifascia; lane 6, littoralis; lane 7, 
androgea; lane 8, exigua; lane 9, omithogalli
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recovered possibly because of preferential PCR amplification or chance sequencing of 
one allele over another.
Intraspecific Variation in S . frugiperda  S trains. Sequences of fall 
armyworm host strains collected from various geographical locations were aligned by 
sight (Figure 5.3). Of the 136 characters in the alignment. 59 were variable and 26 were 
informative. Percent sequence divergence between sample pairs revealed a range from 
0.000 to 0.298. A PAUP analysis rooting the tree at the midpoint and scoring gaps as 
informative for 4 characters (at positions 12-16,20-29,30-39, and 59-74) produced a 
single tree (Figure 5.4). However, major lineages in the tree did not correspond to 
separate strains. A reanalysis that treated gaps as missing data also produced a tree that 
did not group strain members together. In a 3rd analysis including the other 6  
Spodoptera species from the interspecific study (Table 5.1), 9 trees were produced. The 
consensus tree indicated a monophyletic grouping of fall armyworm but did not group by 
strain. The monophyletic grouping of fall armyworm does indicate that intraspecific 
variation is not as extensive as interspecific variation.
These nuclear gene results are at odds with other genetic data. The com and rice 
strain individuals examined in this study were also examined for their mitochondrial DNA 
(mtDNA) and allozyme genotypes. According to the restriction fragment length 
polymorphism (RFLP) mtDNA patterns and the esterase allozyme genotypes established 
for the 2 host strains (Pashley 1989, Lu and Adang 1996), individuals used in this study 
fall into their respective strain categories. In contrast, the sodium channel intron shows 
greater sequence similarity between individuals from different strains in some cases (C6  
HO and R4 LA, C3 LA and R5 FG, C l LA and R1 LA) than within strains. This result 
can be explained in 1 of 2 ways. First, the strains may have diverged in certain genes 
(mtDNA and esterase) because of more rapid evolution of those genes, but others (such 
as the sodium channel) have not had time to diverge or are under some selective 
constraints (retained ancestral polymorphism). Alternatively, the 2 strains were
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C l LA GTGCGTGGAAA -C T A ------------------------------------------GAGCAACAGGACTTAGAATAACTGGCATAGTATA
C2 LA . -A .  .  -A  ----------- . .  . ------------------------------------------  A .......................................................................
C3 LA  A ------- ------------ . .  .  -GC-TTTACATCCAT-ATA-.......................................... A .-.C -------------------------------
R1 LA . . A ......................  . . .  GTTA................................. ......................................................................................... ........
R2 LA . . . G C . . T . G . — T A - . . .GGC-TTTACATC-ATGACA-.....................T .................A ....................ATAGCGCA------
R3 LA  C ------------------- - C . ----------------------------------------------------------  C A .. A ........ A . . C . . ----
C5 FG . . A . . . A  -----------------------------------------------AGAGA-..................................A . . A . - A  A.  . C ...............
R5 FG . . A  A  ---------- ------GGCTTTTACATC- ATGACA—..................... T .................A -------------- ---------------- . . .
R6 GU . . A  A . . T . CTAAC G-------------------TTC.............................................  A . . . -------------------
R7 GU . . A T ------------- C -A A C ------GG-TTTTACT................................................... A .  . . G __ A . . C . A __
C6 HO . . A .  . .GG-TTTTACT-------------------- . ,
R4 LA . .A .  . . GG-TTTTACT-------------------- . ,
C4 LA . .A .  .
30 90
. GG-TTTTACT--------------------
1 00  n o L20 1 3 0
C l LA ACACAATTTCATAGTAAAAGTTTTCAATATCTCTTAACACTTCTACTTCTTTTCTGCAG
C2 LA G_____T ______
C3 LA
<U1
R1 LA G -------T ---------
R2 LA --------- C ............
R3 LA . . T C ............ 'f
C5 FG G _____ T ...................A C .G ............................................... C . . T _____ T
R5 FG GTG.
R6 GU
R7 GU G . . . ------A .  .  .
C6 HO G . . .
R4 LA
C4 LA G . . .
Figure 5.3. Nucleotide alignment of a para homolog intron in 
Spodoptera frug iperda  strains. Individuals identification numbers are 
located to the left of the sequences (see Table 5.1). Gaps indicated by a 
dash (-) symbol.
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— — —  Cl LA
______ ________  R1 LA
______ _________________________  C2 LA
--------------------------------------------  cs pa
--------  R3 LA
______ ________  R6 GU
_    C3
--------  R5 PG
--------------------------------------------------  R7 GU
--------  C6 HO
_____ __________________________________  ________  C4 LA
----------------  R4 LA
------ — ----------------------------------------------------- R  LA
Figure 5.4. Phylogenetic tree of 5 . fru giperda  individuals obtained using 
parsimony (L = 94, Cl = 0.579, RI = 0.593).
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historically different at all 3 gene markers (mtDNA, esterase, and sodium channel), but 
because of interbreeding and differential introgression, introgression has occurred in the 
sodium channel para locus but not the mtDNA and to a lesser extent the esterase gene. 
Evidence for the latter hypothesis comes from the fact that the esterase gene is X-Iinked 
(D. G. Heckel, unpublished data), and this could retard introgression and recombination 
(Sperling 1993, 1994). The Haldane effect states that the heterogametic sex, female in 
Lepidoptera, should be less viable than the homogametic sex (Haldane 1922). If this is 
occurring in fall armyworm, F[ hybrid females may be eliminated, which would lead to 
maintenance of sex-linked differences between strains but would allow for introgression 
of nuclear genes by viable males. This effect could be caused by sex-linked alleles’ being 
more exposed to selection, which may cause differences to accumulate faster in these 
genes than autosomal alleles (Sperling 1993). By establishing linkage relationships of 
other nuclear genes and distribution of alleles relative to strain assignments and genetic 
markers (i.e., esterase and mtDNA), we should be able to distinguish between these 
hypotheses.
Interspecific Variation in Spodoptera Species. Intron sequences in the 7 
Spodoptera species were aligned by sight (Figure 5.5). S. exigua was the most distinct 
genetically and difficult to align as expected based on mitochondrial rDNA data 
distinctness (J.F.S., unpublished data).
With gaps treated as missing data and the tree rooted either at the midpoint or with S. 
exigua, the PAUP analysis produced a single tree (Figure 5.6). Of the 175 characters 
used in the alignment, there were 66 variable sites, and of those sites, 15 were 
informative. Percent sequence divergence between species pairs revealed a range from 
0.066 to 0.354. In another analysis, character states were assigned to 5 gaps (at 
positions 16-47,68-80,93-106, 113-130, and 152-156) and 3 were informative. When 
rooted at the midpoint or with S. exigua, 2 trees were obtained. One tree was the same as 
in Figure 5.6. The other was identical except S. littoralis and S. frugiperda were sister
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Figure 5.5. Nucleotide alignment of the para homolog intron in 
Spodoptera  species. Gaps indicated by a dash (-) symbol.
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59
68
73
53
exigua
l i t t g . g , a i i g
f r u g i p e r d a
androgea
9gqit-h.pgalJ.i-
dolichos
ia tifflgp ia
Figure 5.6. Phylogenetic tree of Spodoptera  species obtained using 
parsimony (L = 81, Cl = 0.938, RI = 0.688). Gaps treated as missing 
data. Numbers indicate bootstrap values (2,000 replicates).
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taxa. The latter is the identical tree obtained using parsimony with mitochondrial rDNA 
data (J.F.S., unpublished data). The position of S. exigua in both studies is congruent 
with ecological and morphological data. For example, valvae of male 5. exigua genitalia 
are quite different from those of the other Spodoptera species (Bayer 1960, Todd and 
Poole 1980). S . frugiperda and S. littoralis appear to be phylogenetically close but 
considering biological and biogeographical evidences it is doubtful that they could be 
sister species. The latter grouping is probably the result of the limited number of taxa 
included in our study. It is interesting to note that despite its feeding preferences for 
monocot plants, S. frugiperda is grouped with polyphagous dicots feeders. In all 
analyses, results support the unpublished conclusions of J.F.S. that the 4 large 
polyphagous American species (S. dolichos, S. latifascia, S. omithogalli, and 5. 
androgea) belong to a monophyletic group.
The sodium channel para locus has been useful for assessing relationships between 
closely related species of Spodoptera. A disadvantage for phylogenetic analyses is the 
high level of variability, which makes introns difficult to align. The para locus is a large 
gene (=60 kb) with many introns, some rather large (Loughney et al. 1989). Because the 
coding sequence is highly conserved, primers I developed work well within the genus 
and to some extent between genera. My results at the species level were consistent with 
other results based on morphology and mitochondrial rDNA, indicating a informative 
signal in this molecule.
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CHAPTER 6
SUMMARY AND CONCLUSIONS
Questions concerning the pest status of the fall armyworm, Spodoptera frugiperda (J. 
E. Smith), including development and survival on conventional and transgenic Bacillus 
thuringiensis (Bt) cotton, and host-strain influences, were addressed in laboratory and 
field studies. Survival and development of larvae on leaves and bolls of conventional 
(cv. DP 5415) and transgenic cotton plants, Gossypium hirsutum L., expressing the Bt 
CryLA(c) 5-endotoxin (cv. NuCOTN 33B) were examined. No significant differences (P 
> 0.05) were observed in larval survival between the two cultivars at 2,4, 6, 8, 10, and 
12 d after exposure. In addition, no significant differences (P > 0.05) were observed 
between cultivars in the number of larvae that pupated (DP 5415,52.6%; NuCOTN 33B, 
48.0%) and eclosed as adults (DP 5415,42.3%; NuCOTN 33B, 38.2%). However, 
mean larval weights of fall armyworms were significantly higher (P < 0.05) at 6 d (DP 
5415, 10.9 - 19.2 mg; NuCOTN 33B, 3.9 - 6.54 mg) and 12 d after exposure (DP 5415, 
221.5 - 244.9 mg; NuCOTN 33B, 59.3 - 75.1 mg) on DP 5415 leaves than NuCOTN 
33B leaves, and time to pupation and adult eclosion were significantly shorter (P < 0.05) 
on DP 5415 leaves than on NuCOTN 33B leaves. No significant differences (P > 0.05) 
between cultivars were observed for sex ratio (M:F) (DP 5415,44.0:56.0; NuCOTN 33B 
42.2:57.8), however, survival of Fi neonates from parents reared on DP 5415 (53.4%) 
was significantly greater (P < 0.05) than that of Fj neonates from parents reared on 
NuCOTN 33B (39.6%). Larval survival to pupation and adult eclosion for larvae fed a 
combination of DP 5415 foliage (early instars) and bolls (late instars) were significantly 
higher (P < 0.05) than for larvae fed NuCOTN 33B foliage and bolls [pupation: DP 5415 
(64.0%), NuCOTN 33B (20.0%); adult eclosion: DP 5415 (60.0%), NuCOTN 33B 
(20.0%)].
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The effects of a single generation of selection of fall armyworms on NuCOTN 33B 
leaves also were measured. Fall armyworms originally reared on DP 5415 and NuCOTN 
33B were fed either conventional (cv. DP 5690) or transgenic Bt (cv. NuCOTN 35B) 
cotton leaves. Larval survival at 2,4, and 6 d after exposure and adult survivorship were 
not significantly affected (P > 0.05) by one generation of rearing on transgenic Bt cotton. 
Single generation exposure to NuCOTN 33B did not affect larval weights of the 
subsequent generation when reared on transgenic Bt cotton (P > 0.05).
Fifth instar fall armyworms were caged on conventional (cv. DP 5415) and transgenic 
Bt (cv. NuCOTN 33B) cotton bolls of various ages to define the period of boll 
susceptibility to larval injury. Larval mortality, incidence of feeding, and boll penetration 
were examined on both cultivars. There was no significant linear relationship (P > 0.05) 
between incidence of feeding and boll age for larvae caged on DP 5415 and NuCOTN 
33B. However, a significant linear relationship (P < 0.05) between larval mortality and 
boll age was observed for larvae caged on NuCOTN 33B (mortality increased as bolls 
matured), but no such linear relationship (P > 0.05) was found on DP 5415. A 
significant linear relationship (P < 0.05) between boll penetration and boll age was 
observed for larvae caged on NuCOTN 33B (boll penetration decreased as bolls matured). 
However, there was no significant linear relationship (P > 0.05) between boll penetration 
and boll age for larvae caged on DP 5415 (boll penetration decreased as bolls matured). 
Fall armyworms penetrated ^  60% of DP 5415 bolls regardless of their age, while 
NuCOTN 33B bolls were tolerant (<, 10% penetrated) to fall armyworm damage at 864 
heat-units. In addition, these data suggest that fall armyworms are able to successfully 
penetrate (> 40%) DP 5415 and NuCOTN 33B bolls at 350 heat-units.
Populations of the fall armyworm that feed on different plant species can be classified 
as genetically differentiated host-associated strains: a com-associated strain that feeds 
primarily on com and a rice-associated strain that feeds primarily on forage grasses and
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rice. Although details are limited, differences in susceptibility to insecticides have been 
reported between the two host-associated strains of the fall armyworm. A study was 
initiated to determine the relative susceptibilities of fall armyworms collected from 
different hosts to common cotton insecticides and transgenic Bt cotton. Technical grade 
insecticides including a pyrethroid, cypermethrin; an organophosphate, methyl parathion; 
and a carbamate, methomyl, were applied topically to third instars collected from field 
com and various forage grasses. Fall armyworms collected from forage grasses were 
significantly more susceptible to all insecticides tested than any of the collections from 
field com. In a separate experiment, neonate larvae originally collected from 
bermudagrass and field com were fed on conventional and transgenic Bt cotton leaves. 
Fall armyworms collected from bermudagrass were significantly more susceptible (P < 
0.05) to transgenic Bt cotton than larvae collected from field com. These data indicate 
that differences in larval susceptibility to common cotton commercial insecticides and 
transgenic Bt cotton appear to be related to the host-associated strains of the fall 
armyworm. Future management of this cotton pest may need to address the susceptibility 
of host-associated strains of the fall armyworm before insecticide recommendations are 
considered.
Evolutionary relationships of 7 species of Spodoptera (Guenee), including the fall 
armyworm, Spodoptera frugiperda (J. E. Smith), were addressed using sequence data 
from a sodium channel para locus intron. Parsimony analysis of Spodoptera species 
produced an evolutionary tree that was consistent with morphological and mitochondrial 
ribosomal DNA data. Genetic differentiation in the Spodoptera frugiperda para locus was 
not consistent with patterns observed in mitochondrial DNA or allozymes, suggesting that 
the current host-association of strains needs further evaluation. Results suggest that the 
sodium channel para locus may be useful for low-level phylogenetic analysis in 
Spodoptera spp.
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